In-situ RTSE was used to characterize the complex dielectric functions (E) of rf and dc magnetron sputtered Mo thin films deposited onto soda-lime glass (SLG) substrates. Distinct features in the evolution of the dielectric functions with bulk layer thickness for rf and dc films are attributed to differences in void volume fraction and Drude free-electron relaxation time. Both rf and dc sputtered Mo thin films follow a similar trend of strain variation with argon pressure. The increased grain size, as well as smoother film morphology for the dc films compared to the rf films, were both confirmed by XRD and AFM measurements. It was also observed that increased deposition pressures lead to increased resistivities for both processes, with lower values for the dc films.
INTRODUCTION
With 19.9% efficiency, Cu(ln,Ga)Se2 (CIGS) solar cells are the most efficient thin films solar cells today [1] . Part of the success of this technology comes from the molybdenum electrode. It fulfills most of the requirements for an effective back contact, notably chemical and mechanical inertness during the overlying film deposition processes, high conductivity, low contact resistance with the CIGS layer, and commensurate coefficient of thermal expansion [2] . However, the deposition of a molybdenum film as a back contact is not by itself an assurance of a high efficiency solar cell. The Mo deposition process and parameters play a key role in obtaining a layer with the appropriate properties. Extensive research has been done on the deposition of molybdenum thin films by direct-current (dc) sputtering. As the potential portfolio of applications of CIGS expand, different films' properties may be required to adapt to new requirements. In this paper, we therefore used dc magnetron sputtering to deposit Mo thin films on soda-lime glass and compare them with films deposited by radio frequency (rf) magnetron sputtering. To our knowledge, little research has been performed on Mo thin films deposited by this latter method [3] . To assess the potential of this process, the optical, physical and electrical properties of rf and dc deposited molybdenum thin films were studied as a function of argon pressure via in-situ and ex-situ measurements.
EXPERIMENTAL
Molybdenum thin films were fabricated using rf 978-1-4244-5892-9/101$26.00 ©2010 IEEE and dc magnetron sputtering onto soda lime glass substrates. The thickness and substrate temperature were kept constant at O. 7 �m and room temperature, respectively. The argon pressure, p(Ar) , was varied between 4 and 20 mTorr, while keeping a constant sputtering power of 100 W. The electrical, structural and optical properties of the films were analyzed systematically as a function of deposition pressures by sheet resistance measurement, atomic force microscopy (AFM), X-ray diffraction (XRD) and real time spectroscopic ellipsometry (RTSE).
RESULTS AND DISCUSSION
The influence of process parameters on the crystallographic properties of the films was studied by X ray diffraction. The observed (110) peak distortions in our films appear to be directly related to the strain in the layer, either compressive or tensile. The strain variation on magnetron sputtered molybdenum films with p(Ar) is presented in Figure 1 . The strain-versus-pressure curve can be split into four pressure domains for both the dc and rf depositions. It is interesting to notice that only the 4 mTorr film deposited by the dc process did not have good adhesion to the substrate. The degree of orientation of the films along the (110) direction, P(11 0), was also calculated. No variation was observed within the deposition parameters with P(11 0) around 0.90. The variation of the full width at half maximum (FWHM) for the (110) peak as a function of deposition parameters was also calculated. For the rf sputtered films a linear increase in FWHM is observed with increasing sputtering pressure, whereas for the dc sputtered films a weaker increase is observed with increasing pressures until it saturates at 12 mTorr.
The morphologies of magnetron sputtered molybdenum films show an important difference as observed by AFM. The film deposited by dc sputtering showed a relatively uniform grain-size distribution and smooth surfaces, but the films fabricated by rf mode showed a wide range of grain sizes and rough surfaces.
The resistivity of the molybdenum was also found to be sensitive to the argon pressure, p(Ar) , as illustrated in Figure 2 . The rf films were found to be more resistive compared to dc sputtered films under otherwise identical conditions. The high conductivity observed for Mo films under compressive stress is consistent with the denser film microstructure produced by the atomic peening process at low Ar-pressures. On the other hand, the inferior conductivity of Mo films deposited at high Ar pressures correlates with the porous microstructure associated with tensile stress. Complex dielectric functions as well as growth parameters were extracted via in-situ RTSE at a characteristic pressure of 10 mTorr. Figures 3 and 4 present the complex dielectric functions of Mo at two bulk layer thicknesses of 3.3 nm and 100 nm, as determined by exact inversion of spectra collected in 978-1-4244-5892-9/101$26.00 ©201 0 IEEE real time during growth. The bulk layer thickness used in the inversion was determined through a global fit to spectra collected over a narrow time range. The surface roughness in this analysis was found to be negligible « 5 A). Clear differences in E are observed for the two thicknesses that are qualitatively consistent with differences in the Drude free-electron relaxation time 'to The increase in relaxation time with increasing thickness leads to an abrupt decrease in E1 (0.75 eV) from 9 to -22 and from -6 to -54 for rf and dc films, respectively. The dielectric function spectra deduced by inversion could be fit over the low energy range (0.75-3 eV) by combining the Drude equation with a single Lorentz oscillator expression. These results can be interpreted using two different models. The first is that of Mayadas and Shatzkes [4] in which it is assumed that the relaxation time is controlled by grain boundary scattering, If the grain diameter is assumed to be equal to the thickness of the film, then a reasonable fit to the data is obtained with a grain boundary reflection coefficient of \R=0.5. The second model is that of Fuchs Sondheimer [4] in which it is assumed that surface and interface scattering play a dominant role. When this model is applied to fit the data, an unphysical (negative) value of p the scattering coefficient is obtained. This demonstrates that the effect of thickness on relaxation time is much larger than would be predicted based on surface scattering alone. Thus, grain boundary scattering is believed to be the dominating effect. Photon Energy (e V) Figure 4 Representative Mo bulk layer dielectric functions, & = &} + ;&20 measured at times during the film growth process corresponding to bulk layer thicknesses of 100 nm at a deposition pressure of 10 mTorr.
CONCLUSION
In-situ, real time, and ex-situ measurements have been employed to study the optical, mechanical, morphological and electrical properties of Mo thin films magnetron sputtered onto glass substrates as a function of argon pressure. The higher void fractions and lower electronic relaxation times observed for the rf films are consistent with the increase in resistivity compared to dc films. Strain in the films is mostly tensile, along a bell curve reaching maximum at 8 mTorr (rf) or 10 mTorr (dc), but trending toward compressive for low/high argon pressures. The XRD peak broadening and direct AFM imaging of the surface of the films confirm the increase of grain size and decrease of surface roughness for dc films compared to rf films.
